We have investigated experimentally the pressure dependence of the production of ultracold neutrons (UCN) in superfluid helium in the range from saturated vapor pressure to 20 bar. A neutron velocity selector allowed the separation of underlying single-phonon and multiphonon processes by varying the incident cold neutron (CN) wavelength in the range from 3.5 to 10 Å. The predicted pressure dependence of UCN production derived from inelastic neutron scattering data was confirmed for the single-phonon excitation. For multiphonon based UCN production we found no significant dependence on pressure whereas calculations from inelastic neutron scattering data predict an increase of 43(6) % at 20 bar relative to saturated vapor pressure. From our data we conclude that applying pressure to superfluid helium does not increase the overall UCN production rate at a typical CN guide.
and a beam monitor with circular orifices d) before it entered the cryostat through a series of thin aluminum windows e). The He-II target was kept in the Ni coated stainless steel pressure container g); CN entrance and exit sides from aluminum were covered with nickel half-spheres q).
Ultracold neutrons were guided by a polished stainless steel tube f), which was separated by an aluminum window from the production volume, to the 3 He UCN detector m). The CN beam exited the cryostat through aluminum windows h) before entering a chopper k) and TOF-detector l) for time-of-flight spectral analysis. Pressure was applied via the filling line p) connected on the bottom of the pressure container and measured on a static line with a gauge o).
of the high pressure volume. Therefore the target temperature reached only 1.1 K instead of 0.7 K obtained in [18] . The temperature of the He-II was measured using a calibrated Cernox [51] sensor screwed tightly to the outside of the He-II vessel. The pressure was applied from the gaseous He supply via the liquefaction chain through the superleak and measured with a room-temperature pressure gauge calibrated for p < 100 bar relative to atmospheric pressure. The gauge was connected to the converter via a thin stainless steel tube which could also be used for pumping to establish SVP conditions.
A neutron velocity selector [37] was used to scan the incident CN wavelength range. It had to be used in two orientations, −5
• and +5
• with respect to the incident beam, as the normal closed. This parameter was kept fixed in the fits. It was found that the storage lifetime was independent of pressure (see Fig. 3b ). Increasing the temperature to 1.48 K decreased τ to 1.7(1) s. This temperature behavior combined with results from UCN Monte Carlo simulations with Geant4UCN [38] and simple gas kinetic arguments showed that the storage lifetime was dominated by UCN escaping through the extraction holes. Hence, changes in count rate due to the small temperature fluctuations of ±0.02 K were negligible.
In phase (ii), the background was increased by a beam-dependent component r beam causing a constant offset to the UCN build-up prompt with opening the CN shutter. A systematic error will follow if this offset is not properly taken into account. The component r beam was determined by fitting the build-up with an exponential with constant background r = r 0 + r beam . It was expected to be proportional to the CN monitor count rate since CN monitor and UCN detector both had a low efficiency proportional to 1/v for CN. Therefore r beam was determined for four different velocity selector settings (maximum of single-phonon production and three settings with low ratio of UCN production to CN monitor count rate).
A fit of the four values with r beam (ṅ CN ) = kṅ CN , whereṅ CN was the CN count rate of the beam monitor (12000 s −1 <ṅ CN < 17000 s −1 ), yielded k = (5.6
All data of phase (ii) was corrected for both background contributions, by typically 0.01 s −1 .
In addition to these scans the UCN production rates across the single-phonon peak at SVP were measured several times during the entire experiment to check the reproducibility.
The UCN count rate was found to decrease with time. This is suspected to be due to gas freezing out on the thin aluminum window at the extraction holes or on the surface of the extraction guide. An exponential decrease with respect to the start of the first measurement
+ A 0 with a large offset A 0 = 1.95(10) × N 0 and time constant T = 104(12) h was found to describe this effect well and thus was used to correct the data.
The corrected UCN counts were normalized to the particle flux as measured by the beam monitor (monitor count rate is corrected for dead time and 1/v efficiency). Time-of-flight measurements (see Fig. 2 ) were used to determine a central wavelength for each setting of the velocity selector. The measured TOF spectra were deconvoluted taking into account the opening function of the chopper and the finite thickness of the TOF detector. A logarithmic normal distribution was found to describe the skewed deconvoluted spectra better than a symmetric Gaussian and was used to find the position of the maximum of each spectrum.
Hence, each UCN production rate, which is in fact an integral UCN production rate of the specific CN spectrum of this velocity selector setting, was assigned to one wavelength λ. The uncertainty of the wavelength measurement was estimated as ∆λ λ = ±1 %.
IV. RESULTS
The measured wavelength-dependent UCN rates for all pressures, normalized to the incident particle flux, are shown in Fig. 4 . Two different regions can be distinguished for all pressures: a broad distribution for short incident wavelengths from UCN production by multiphonon processes R II and a pronounced peak at long wavelengths from UCN production from single-phonon excitation R I in He-II. These regions are separated by a minimum which gets less pronounced with pressure at the available wavelength resolution. Note that the wavelength resolution was limited by the resolution of the velocity selector (the same for the range of all single-phonon peaks shown). With pressure the single-phonon peak decreases in intensity and moves towards shorter wavelengths.
The area under the peak is proportional to the UCN production rate by single-phonon excitation. The apparent peak width comes from the convolution of the incident CN spectra with the extremely narrow single-phonon scattering function (the linewidth of the roton excitation in 4 He at ∼1 K is of the order of 1 µeV, see e.g. Ref. [39] , compared to the resolution of ∼ 230 µeV of the velocity selector at 8 Å). The peak was fitted with a logarithmic normal distribution in q-space. This ansatz fitted best the CN spectra and was used here again since the single-phonon UCN production rate is proportional to the CN intensity at λ * for each incident CN spectrum. Note that fits with logarithmic normal distributions gave for all pressures reduced χ 2 values closer to unity than a symmetric Gaussian distribution. The fitting range was restricted to wavelengths larger than 7.5 Å, hence excluding contributions from production rates normalized to the rate at SVP. All single phonon UCN production rates R I were taken from the integrals over the fitted curves for λ > 7.5 Å.
The obtained fits were then subtracted from the data in order to extract the UCN production rates due to multiphonon processes. These are shown scaled up in Fig. 5 and found to exhibit a broad, pressure-independent maximum at approximately 6.25 Å. For estimating the relative change of UCN production due to multiphonon excitation and multiple scattering with pressure we used a simple sum over data points for λ < 7.5 Å, which was found to remain constant within errors in this range (see Table I ).
V. DISCUSSION
In our experiment we observed the anticipated decrease of UCN production R I due to single-phonon processes with pressure. This behavior can be well understood by taking a look at
as derived in an unpublished note of Pendlebury (see also [1] ), where the single-phonon scattering intensity S * = S(q * , ω * ) decreases from S * (SVP) = 0.118 (8) Its inclusion for a typical CN spectrum does also not compensate the discussed decreases.
This behavior confirms the results from calculations, which agree within errors with the experimental results, see Tab. I and Fig. 6 .
We observe a displacement of all measured single-phonon production rate peaks to lower wavelengths than anticipated from the crossing points of the free neutron dipsersion curve with the one of He-II. This can be explained by an unintentional displacement of TOF monitor by 5 cm, the width of the detector. This most probably has happened during the setup for the second measurement period (the only one which delivered data). For this reason we present all our results in table I using a "corrected" wavelength scale λ cor = 1.025·λ.
In the multiphonon range we observed a discrepancy between the measured and the calculated pressure dependence of the UCN production rate (see Tab. I and Fig. 5 ). From calculations we would have expected an increase with pressure, whereas no increase could be observed. The observed pressure independence of the storage time constant does not indicate a change of the UCN extraction probability from the converter vessel with pressure. Note that our experimental approach provides a direct relative comparison of the production rates at different pressures: For a fixed wavelength, the same incident beam was used. Pressuredependent UCN losses (e.g. due to cracks in the coating of the storage vessel) are independent experiment from Ref. [32, 33] , and UCN production rates compared with results given in Ref. [32, 33] of the CN wavelength.
One explanation for the discrepancy in the multiphonon region could be a change in the dynamic structure factor S(q, E) with temperature. The calculations Ref. [32, 33] employ scattering data measured at 0.5 K whereas our measurements were done at 1.1 K. Increasing temperature results, for example, in a broadening of the single-phonon excitation. This increase is small at low temperatures but becomes large towards the λ-transition [30] . In [30] the temperature dependence of the single-phonon excitation linewidth for different pressures was determined from fits to the measured dynamic structure factor. No significant change of these values was found below about 1.3 K. Likewise, the multiphonon scattering varies only weakly with temperature [30] . Therefore we consider the scattering data measured at 0.5 K as adequate to predict UCN production at 1.1 K. Note that temperature also influences UCN Single-phonon production rate (SVP =1)
Absolute helium pressure (bar) Figure 6 : (Color online) Comparison of the pressure dependence of single-phonon UCN production from this experiment ( ) and from calculation from scattering data (×) [32, 33] . Both dependencies have been normalized to the respective production rate at SVP.
up-scattering but this effect cannot explain the observed discrepancy as it is independent on the CN wavelength, and would also shift the single-phonon data from expectation.
Assuming no significant change of the dynamic structure factor between 0.5 K and 1.1 K, the observed discrepancy can only be explained by an effect depending on both, the CN wavelength and the He pressure, such as inelastic scattering to other than UCN energy.
Inelastic scattering has two types of consequences: (i) reduction of the beam intensity averaged over the production volume with respect to the incident one, as scattered neutrons may leave the production volume sideways; and (ii) change in CN energy which may influence the probability of UCN production for the scattered neutron (multiple scattering). Both effects are not taken into account in the calculations.
In order to estimate the reduction of the beam intensity (i) we use the wavelength-and temperature-dependent transmission of neutrons through liquid He at SVP measured by Sommers et al. [41] . We calculate the volume-average CN flux in the multiphonon range (from 3.5 Å to 7.5 Å) inside the production volume relative to the incoming flux:
Values between 3.5 Å and 4.52 Å were obtained from linear extrapolation of the data given there. We obtain t m-ph (SVP) = 0.89. For 8.9 Å, the correction is t s-ph (SVP) = 0.98. Note that for a longer production volume, the correction would be larger. We define multiphonon and single-phonon production rates, R II and R I , as integrals over the respective regions in the CN-normalized UCN production spectrum shown in Fig. 4 . In order to compare the observed ratio R II /R I SVP = 0.14(1) with the calculations, we need to correct the prediction with the geometry specific attenuation:
A reduction of CN transmission t m-ph with increasing pressure could explain the observed discrepancy between the measured and the calculated pressure dependence of multiphonon UCN production. Unfortunately, a quantitative confirmation of this hypothesis is not possible, due to lacking transmission data for higher pressures. Also scattering data for different pressures [30] do not cover the high-q range needed to calculate the transmission via total scattering.
The change of the CN energy by inelastic scattering (ii) depends on the incident wavelength and the pressure. Scattering to the wavelength λ * is kinematically possible and would increase the probability of UCN production by the scattered CN; however, the width of singlephonon UCN production is very small. Multiple scattering was not taken into account in the calculations [32, 33] . Its contribution to the UCN production in our setup was estimated by Monte Carlo simulations [42] based on the McStas package [43, 44] . For SVP, multiple scattered CN were found to contribute about 6 % to the UCN production rate in the multiphonon region. This fraction decreases slightly with increasing pressure, to 5 % for p ≥ 10 bar. The weak pressure dependence of this small contribution cannot explain the discrepancy between observed and expected pressure dependence of multiphonon UCN production. It changes the calculated relative production rates at SVP t m-ph /t s-ph · R However, it should be noted that the accuracy of the simulations and calculations is limited by the available scattering data: Single data sets cover only a limited (q, ω)-range or provide a limited resolution. Therefore, data sets [45] [46] [47] from different instruments and with different resolution settings had to be combined in the simulations [42] . The scattering data [30] used for the calculations [32, 33] were obtained with two different incident wavelengths at IN6: 4.1 Å for SVP and 4.6 Å for higher pressures. Possibly uncorrected effects may contribute to the observed discrepancies.
VI. CONCLUSION
We have investigated CN-wavelength-dependent UCN production in pressurized He-II for pressures up to 20 bar. The single-phonon UCN production peak moves to shorter wavelength and decreases in intensity, whereas the absolute contribution from multiphonon processes stays constant within the experimental uncertainties. We have found that predictions from calculations based on inelastic neutron scattering data [32, 33] agree well with the behavior of the single-phonon UCN production rate. However, the same calculations disagree with our measurement in the multiphonon range. There is no indication for a significant change in the dynamic structure factor between 0.5 K and 1.1 K that could invalidate the calculations for our experiment. However, the disagreement could be caused by a pressure-and wavelength-dependent attenuation of the CN beam in the He-II. This hypothesis could not be tested due to a lack of transmission data at higher He pressure. Note that the ratio of multiphonon to single-phonon UCN production would reduce for longer production volumes.
The calculations also did not take into account modifications of the CN spectrum by inelastic scattering inside the He-II, but Monte-Carlo simulations showed that the contribution of UCN production by multiple scattered CN and its pressure dependence are too small to explain the observed disagreement.
The disagreement of the position of the single-phonon peak at SVP with earlier measurements by Yoshiki and coworkers [48] and Baker and coworkers [17] can most probably be explained by an accidental displacement of the TOF detector in our experiment.
In general, the relative UCN production rate due to single-phonon and multiphonon processes depends upon the incident CN spectrum. For the spectrum in our experiment we have found that (30 ± 2) % of the total UCN production over all incident wavelengths are from multiphonon processes. Baker and coworkers [17] found a multiphonon contribution of (24 ± 2)% for a different CN beam. Note that, according to our previous discussion, also the length of the UCN production volume (which was 326 mm in the experiment of Baker and coworkers) influences this ratio.
Using the entire spectrum of a white beam might still be advantageous for a powerful UCN source, as monochromatization by a crystal not only cuts out a narrow wavelength band around 8.92 Å, but also reduces the intensity of the Bragg reflected beam substantially (factor 2-5 [20, 32] ). In whatever case, monochromatic or white incident beam, best results are obtained for He-II at SVP; without even taking into account the increase in technical complexity when going to higher pressures. For future searches of the neutron electric dipole moment it might still be beneficial to apply a pressure of a few 100 mbar to increase the dielectric strength without loosing significantly in UCN production. A future perspective to increase UCN production might be the use of solid helium as UCN converter, which was not possible to investigate during this experimental run.
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